Characterization of decomposition dynamics of fine roots is essential for understanding vegetation-soil feedbacks and predicting ecosystem responses to future climate scenarios, given their more rapid turnover rates. Using a branch-order classification, we separated the fine root systems of Larix gmelinii into two classes: first-and second-order roots combined into one (lower-order); third-and fourth-order roots combined into another (higher-order). In a field experiment, we conducted a litterbag study to investigate fine root decomposition and its relationship with root order class and soil depth over 17 months. Despite their lower C:N ratio and smaller diameter, lower-order roots decomposed more slowly compared with higher-order roots over this period. This pattern also seems to hold true at each different depths (10, 20 and 30 cm) in the soil profile. Our data suggest that the slow decomposition rate of lower-order roots may result from their poor carbon quality. Moreover, we found that the decomposition rates of both lower-order and higher-order roots decreased linearly from 10 cm to 30 cm, which implied that a substantially larger fraction of fine root mass would be stabilized as soil organic carbon in the deeper rather than the upper soil layers.
Introduction
Globally, up to more than 50% of terrestrial net primary production is returned to the soil via the decomposition of plant tissues [1] . Therefore, identifying general mechanisms underlying litter decomposition has major implications for accurate forecasts of the future interplay between global change and terrestrial C cycles [2] [3] [4] . The decomposition of leaf litter has been well studied at local and global scales. However, despite the fact that the dominant input of plant material into soil may be driven from the turnover of fine roots [5] [6] [7] [8] , understanding of the factors that control fine root decomposition remains limited. Specifically, published reports of the predictive principles to describe the controls on fine root decomposition yielded large discrepancies. For example, in global data sets of a large range of species, Silver and Miya [9] found fine root chemistry (particularly C:N ratio and Ca concentration) to be the factor most closely linked to root decomposition rates. Other studies suggested that the initial C:N ratio, N concentration, or Ca concentration explained no variation in fine root decomposition rates in many ecosystems [10] [11] [12] [13] [14] . Our inability to determine generalized drivers of Forests 2016, 7, 234 2 of 10 root decomposition across species limits both our understanding of vegetation-soil feedbacks and our ability to predict ecosystem responses to global change.
For nearly half a century, fine roots have been defined as a homogenous pool according to an ambiguous diameter size class, most commonly ≤2 mm. Increasing evidence suggests, however, that fine roots defined in this way probably include a large number of individual root segments that differ markedly in their morphology, chemistry, and physiology [8, [15] [16] [17] [18] [19] [20] . For example, different root branch orders strongly influence tissue chemical properties (e.g., C:N ratio, and concentrations of N, lignin, cellulose, and phenolic compounds), and the relative contribution of different branch orders to a fine-root sample ≤2 mm may vary considerably across species [11, 17, 19] . However, studies of fine root-mortality and decomposition have not really accounted for the functional heterogeneity among different diameter classes or branching orders within the fine root system, and even fewer have concentrated on the most short-lived absorptive roots that dominate root mortality.
So far, to our knowledge, only three published papers have quantified the relationship between root branch order and decomposition rates and all found that across the studied tree species [11, 14, 21] , lower-order roots (first and second) decayed at a lower rate than higher-order roots (third and fourth order) despite lower-order roots generally having a lower C:N ratio and smaller diameter (higher surface:mass ratio). Clearly, more experimental research is needed for validating the commonality of the phenomenon that lower-order roots decay at a lower rate compared with higher-order roots.
Besides root order or root diameter, another variable that may influence root decomposition is soil depth. While the controls and patterns of plant litter and soil organic carbon turnover are well established for upper soil depth, our understanding of the controls of turnover in subsoil horizons remains limited [22] , despite the fact that more than 50% of the total soil C stock is stored in deep soil horizons [23, 24] . While the controls over and patterns of plant litter and soil organic carbon turnover are well established for upper soil depths, our understanding of the controls over of turnover in subsoil horizons remain still limited. Gill and Burke [25] found that fine root decomposition rates declined linearly with soil depth in a shortgrass steppe soil profile. In contrast, some studies have shown that litter decomposed more rapidly in the lower soil profile compared to the upper soil depth [26, 27] . Additionally, the depth distribution of fine roots in different branching orders varies, which probably has important implications for the amount of root-derived C being processed. For example, the majority of short-lived lower-order roots was generally distributed in shallower horizons compared with long-lived higher-order roots [19] .
The main objectives of this study were to: (1) examine the effects of root order on root tissue chemistry and decomposition rates in a temperate forest; and (2) assess to what extent the root decomposition rates are influenced by depth classes. We hypothesized that lower-order roots (first and second) would decompose more slowly than higher-order roots, and fine root decomposition would decline with soil depth because of variation in the physical environment and soil community through the soil profile. We tested these hypotheses by conducting a field litterbag study to examine the relationships of fine root decomposition rates with root order and soil depth using root material from Larix gmelinii Rupr., the most important plantation species in Northeastern China. [28, 29] .
Materials and Methods

Site Description
Our field decomposition experiments were conducted in a 40-year-old Larix gmelinii Rupr. plantation. This forest type was selected because it represents the dominant natural forest and a key species of most plantations in Northeastern China [30] . Three plots, each 8 m × 8 m, were chosen for this study. The mean diameter at breast height was 18.7 ± 0.93 cm at the time of root sampling. The respective average root diameter (mm) (mean values ± standard error) from first-order to fourth-order roots of Larix gmelinii was 0.26 ± 0.02, 0.28 ± 0.01, 0.46 ± 0.05, and 0.85 ± 0.09.
Decomposition Experiment
We quantified lower-order (first and second) and higher-order root (third and fourth order) decomposition rates for Larix gmelinii buried at three soil depths. In late April 2014, we excavated root branching samples from the upper 30-cm of the soil profile and then carefully separated lateral root branches from the soil, ensuring the finest root branching orders were still intact and remained attached to higher-order roots. While there may be some differences in root morphology, chemistry, and physiology between shallow and subsoil roots, the primary objective of this study is to focus on the edaphic conditions and environmental variables that may alter root decay rates rather than the differences caused by plant allocation patterns. Following the method proposed by Pregitzer et al. [17] , the first four root orders were identified, and the adhering soil particles were carefully removed using magnifying glasses and tweezers. In the present study, first-and second-order roots were combined into one class, and third-and fourth-order roots were combined into a second class. Furthermore, we selected the fresh roots as root samples in our decomposition experiment because there is currently no method for the collection of a sufficient number of dead fine roots that have just died and have not already begun to decay, although lower-order roots may gradually lose their functions as they age [31] and are associated with saprotrophic fungi when still living [32, 33] .
Oven-dried (65 • C) root material of approximately 1.0 g of each root class was placed into 10 × 10-cm nylon decomposition bags (120-µm mesh). Such a small mesh size of the litterbags would undoubtedly exclude all meso-and macrofauna, both important processors of detritus in various forests [34] [35] [36] [37] , so this study focused on microbially mediated decomposition. For each root class, 12 litterbags containing root material were horizontally deployed in late May 2014 at each soil depth in each of the three replicated forest plots, and three different litterbags of each root class at each soil depth under each plot were harvested in August and October 2014 and in May and October 2015. A total of 54 litterbags for each root class were collected at each harvest. There were 432 root litterbags in total. Upon harvest, decomposed root samples were carefully removed from the litterbags, dried (65 • C) and weighed.
Chemical Analyses
A subsample of roots used from each root class for chemistry analyses at the beginning of litterbag experiment was ground to obtain a uniform particle size. Total C was determined using a multi N/C 3100 analyzer and HT1300 Solids Module (Analytik Jena AG, Jena, Germany). Concentrations of initial litter nutrients such as potassium (K), calcium (Ca) and magnesium (Mg) were analyzed by a novAA 350 atomic absorption spectrometer analyzer (Analytik Jena AG, Jena, Germany) following digestion in molar HCl. Total N in the digested solution was analyzed by the Semimicro-Kjeldahl method and total phosphorus (P) was determined by the vanadomolybdate yellow color method, after root samples were digested in a solution of H 2 SO 4 (98%)-HClO 4 (72%) (10:1; V:V). Analysis of initial root C fractions for each root class followed the technique of Ryan et al. [38] . Root C-fractions encompassing "extractives" (i.e., accessible labile C compounds consisting of nonpolar constituents, such as fats, oils, waxes, and polar constituents, such as nonstructural carbohydrates and polyphenols were removed using a two-stage extraction in dichloromethane and boiling water, respectively), "acid-hydrolyzable" structural components (i.e., moderately degradable C compounds consisting primarily of cellulose and hemicellulose were removed using a two-stage digestion in 72% and 2.5% sulfuric acid, respectively), and "acid-unhydrolyzable" structural components (i.e., highly inhibiting C compounds consisting of lignin and other highly reduced compounds, such as suberin, cutin, and tannin protein complexes, which are residues of the two-stage sulfuric acid digestion minus ash mass) were determined by the forest products serial digestion technique [38] . Concentrations of total non-structural carbohydrate (TNC) of root samples were determined following the technique of Seifter et al. [39] .
Statistical Analysis
Analysis of covariance (ANCOVA) was used to explore the effects of root class on initial tissue chemistry concentrations and ratios. We calculated the decomposition constant (k) by fitting the percentage of remaining ash-free dry mass for each root class against time using a linear decay model:
where X is the fraction of initial mass remaining at time (t), t is time in years, and k is the decomposition rate constant in year −1 . Here, we employed the linear decay model because it provided a better fit than the single-exponential, double-exponential, and asymptotic decay models over the short duration of the 17-month observation (only initial stages of decomposition). It is important to note that this study focused exclusively on the early stage of decomposition and thus the decay rate constant k (year −1 ) in our paper actually represents the initial mass loss constant. Two-way analysis of variance (ANOVA) was used to assess the influence of root class and soil depth on root decomposition rates. All statistical analyses were performed using SPSS software (2001, ver. 13.0, SPSS Inc., Chicago, IL, USA).
Results
Initial Substrate Chemistry
Clear and significant differences in initial concentrations of most determined compounds were found among different root classes at the start of the litterbag experiment (Table 1) . Initial nutrient concentrations were generally higher in first-and second-order roots compared with third-and fourth-order roots. For example, initial N concentrations in first-and second-order roots were almost twice those of third-and fourth-order roots (p < 0.0001). The contrasting concentrations of N among different root classes resulted in opposing gradients in C:N ratios (p < 0.0001). In addition, first-and second-order roots had higher concentrations of acid-unhydrolyzable fractions than third-and fourth-order roots (p < 0.0001). In contrast, initial concentrations of acid-hydrolyzable fraction and total non-structural carbohydrate (TNC) were much lower in first-and second-order roots compared with third-and fourth-order roots (p < 0.0001). Values are means (with SE in parentheses). In this work, first-and second-order roots were combined into one class (lower-order), and third-and fourth-order roots were combined into a second class (higher-order). Initial C-fraction is expressed per gram on an ash-free dry mass basis. Key to abbreviations: AHF, acid-hydrolyzable fraction; AUF, acid-unhydrolyzable fraction; TNC, total non-structural carbohydrate.
Effects of Root Class on Decomposition
The linear decomposition model fits the actual rates of mass loss well for both lower-order and higher-order roots over the 17 months of decomposition (Figure 1 ). The calculated mass remaining using a single lineal decay model fits the actual mass remaining for lower-order roots with R 2 = 0.90 and higher-order roots with an R 2 = 0.88. Despite their lower C:N ratio and smaller diameter (higher surface :mass ratio), first-and second-order roots decayed at a lower rate than third-and fourth-order roots, as reflected by both root classes (p < 0.001 in both cases). Furthermore, this pattern was observed for roots buried at 10, 20, and 30 cm in the soil profile. For example, after 17 months of decomposition, mass loss was 22% in third-and fourth-order roots while it was 16% in first-and second-order roots at 10 cm depth (Figure 1) . At the same time, the decomposition constant (k) was 0.11/year for the first-and second-order roots and 0.17/year for third-and fourth-order roots at 10 cm depth ( Table 2) .
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Effects of Soil Depth on Decomposition
After 17 months of decomposition, the decomposition rate of both lower-order and higher-order root material decreased significantly from 10 to 30 cm in the soil profile (p = 0.006 and 0.009 in lowerand higher-order roots, respectively). This pattern is reflected in both the decay rate constant (k) and the root mass remaining at the end of the decomposition experiment.
Over the time period of 17 months, for lower-order roots, 84% of the root samples incubated at the 10 cm depth remained, while 91% of the root samples incubated at the 30 cm depth persisted (Figure 1 ). Low-order roots buried at the 20 cm depth had an intermediate mass-loss rate, with 86% of the original roots persisting (Figure 1) . The decay rate constant (k) of lower-order roots was also significantly higher for roots incubated at the 10 cm depth than for roots incubated at the 30 cm depth (Table 2) . At the 10 cm depth, for lower-order roots, k was 0.11 year −1 , while at the 30 cm depth, k was 0.06 year −1 ( Table 2 ). For higher-order roots, 78% of the roots incubated at the 10 cm depth remained, while 87% of the roots incubated at the 30 cm depth persisted (Figure 1) . Further, the decay rate 
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Over the time period of 17 months, for lower-order roots, 84% of the root samples incubated at the 10 cm depth remained, while 91% of the root samples incubated at the 30 cm depth persisted (Figure 1 ). Low-order roots buried at the 20 cm depth had an intermediate mass-loss rate, with 86% of the original roots persisting (Figure 1 ). The decay rate constant (k) of lower-order roots was also significantly higher for roots incubated at the 10 cm depth than for roots incubated at the 30 cm depth (Table 2) . At the 10 cm depth, for lower-order roots, k was 0.11 year −1 , while at the 30 cm depth, k was 0.06 year −1 (Table 2 ). For higher-order roots, 78% of the roots incubated at the 10 cm depth remained, while 87% of the roots incubated at the 30 cm depth persisted (Figure 1) . Further, the decay rate constant (k) of higher-order roots was 0.17, 0.14 and 0.10 year −1 at the 10, 20 and 30 cm soil depth, respectively.
Discussion
In complex root systems, different root orders serve different functions with the first to third orders used primarily for water and nutrient absorption, and higher orders used mainly for transport, anchorage, and storage [17, 19, 20, 40] . These functional divergences between lower-order and higher-order roots would strongly influence tissue substrate chemistry and thus further affect root decomposition rates [20] . Our analysis of root decay along more functionally based criteria (i.e., root order) among the fine root systems of Larix gmelinii, revealed that lower-order roots decomposed at a lower rate than higher-order roots over 17 months of decomposition. These results are in agreement with three other recently published reports [11, 14, 21] , in which all studied tree species demonstrated lower decomposition rates in lower-order compared with higher-order roots. Another separate study, which examined decomposition of root tips from 35 co-occurring woody species in a Chinese temperate forest, showed that on average, only 35% of the initial root tip mass was lost after six years of field decomposition (T. Sun et al., unpublished data). Other experimental studies based on diameter classes also found that the finest roots decayed more slowly compared with somewhat coarser roots [23, 24, 41, 42] . As a consequence, the slow decomposition rate of the finest root branching orders probably seems to be a common pattern in the woody species examined so far.
One of the mechanisms responsible for the lower decomposition of lower-order roots may be their higher concentrations of the acid-unhydrolyzable fraction, which indicates a lower energy substrate supply for maintenance of the active and abundant decomposer community. Other studies also observed that lower-order roots had higher concentrations of acid-unhydrolyzable matter than higher-order roots. For example, Xiong et al. [14] reported that acid-unhydrolyzable concentrations were significantly higher in lower-order roots than in higher-order roots across eight tree species. Sun et al. [12] found that very fine roots <0.5 mm had higher concentrations of the acid-unhydrolyzable fraction as compared to coarser roots (0.5-2.0 mm). Given that lower-order roots generally lack secondary (wood) development such as the formation of secondary xylem, the formation of lignin is expected to be very low [19, 20, 40] . Besides true molecular lignin, the acid-unhydrolyzable fraction must capture also other highly reduced compounds, such as aliphatics and suberin [38, 43, 44] . An alternative explanation for faster decomposition of higher-order roots maybe their typical role in storage of non-structural carbohydrates, which corresponds with their storage and transport functions [19, 20, 28] . These easily degradable and labile C substrates may provide necessary energy for the decomposer community, promoting the degradation of many complex C compounds in the higher-order roots [34, 45] .
Another factor besides root order that may influence the decomposition process is soil depth. Our data revealed that decomposition rates of both lower-order and higher-order roots were highest in the shallow soil profile and tended to decrease with soil depth through the soil profile. Other studies in semiarid grasslands and forests have also reported a decrease in fine root decomposition rates with soil depth, with the highest decomposition rates occurring in the upper soil depth [25] . On the contrary, few studies have found that plant litter decomposed faster in deep soil horizons than in shallow soil [26, 27] . Soil bulk density, temperature, moisture availability, pH, clay content, nutrient limitations and microbial community composition generally change with soil depth in the soil profile [25] [26] [27] 46] , and fine root decomposition rates are probably affected by these parameters.
Conclusions
The decomposition results presented here add to growing evidence that short-lived lower-order roots decay at a lower rate compared with long-lived higher-order roots after 17 months of decomposition. This pattern holds true across three different soil depths in a soil profile. We suggest that the reason for such slow decomposition in lower-order roots may be their poor carbon quality, more specifically, because of their higher concentration of recalcitrant C (e.g., acid-unhydrolyzable) and less labile C (e.g., non-structural carbohydrates). Given that lower-order roots turnover fastest and may dominate root production, their exceptionally slow decomposition probably implies that these roots are a major driver of soil C storage and dynamics. Furthermore, our results showed decomposition rates of both lower-order and higher-order roots decreased with depth through the soil profile, which probably suggests that a higher proportion of root litter may be stabilized in deeper soil horizons.
